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Steady-state arterial spin tagging approaches can provide
quantitative images of CBF, but have not been validated in
humans. The work presented here compared CBF values mea-
sured using steady-state arterial spin tagging with CBF values
measured in the same group of human subjects using the H2

15O
IV bolus PET method. Blood flow values determined by H2

15O
PET were corrected for the known effects of incomplete extrac-
tion of water across the blood brain barrier. For a cortical strip
ROI, blood flow values determined using arterial spin tagging
(64 6 12 cc/100g/min) were not statistically different from cor-
rected blood flow values determined using H2

15O PET (67 6 13
cc/100g/min). However, for a central white matter ROI, blood
flow values determined using arterial spin tagging were signif-
icantly underestimated compared to corrected blood flow val-
ues determined using H2

15O PET. This underestimation could
be caused by an underestimation of the arterial transit time for
white matter regions. Magn Reson Med 44:450–456, 2000.
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Steady-state MR arterial spin tagging approaches (1,2) can
image resting cerebral blood flow (CBF) in humans (3–6),
and have been used to follow CBF increases during motor
(7,8) and cognitive (9) tasks, and CBF decreases in cere-
brovascular disease (10).

One of the advantages of steady-state spin tagging ap-
proaches is the ability to provide quantitative images of
CBF measured in classical physiological units (i.e., cc/
100g/min). However, a number of potential artifacts could
compromise the accuracy of calculated CBF values. One
set of artifacts arises from magnetization transfer effects
(11). Another set of artifacts arises from vascular effects;
e.g., transit delays in tagged blood reaching the capillary
exchange site, and the presence of tagged water in the
arterial bed (6,12).

One way to investigate the accuracy of arterial spin
tagging is to compare CBF values determined using this
approach with CBF values determined using a “gold stan-
dard.” In the rat, CBF values measured using arterial spin
tagging agree well with CBF values measured simulta-
neously using radioactive microspheres (13). However,
conclusions based on the rat model may not apply to
humans, where many of the artifacts are substantially

larger (6). The work described here investigates the accu-
racy of arterial spin tagging approaches for human studies
by comparing CBF values measured using arterial spin
tagging with CBF values measured in the same group of
subjects using H2

15O positron emission tomography (PET).

MATERIALS AND METHODS

Experimental Protocol

Experiments were performed on 12 normal human sub-
jects (5 males, average age 5 38 6 9 years; 7 females,
average age 5 38 6 8 years) using a protocol approved by
the Institutional Review Board of the National Institute of
Mental Health.

Arterial spin tagging approaches were used to obtain a
2D image of resting CBF values in a 5-mm axial slice
placed approximately 2 cm above the corpus callosum. In
a separate experiment (on a different day) H2

15O PET was
used to measure resting CBF values in the same subject. A
slice in the H2

15O PET CBF image that corresponded to the
slice used for the MR CBF image was selected, and the
blood flow images of this slice were compared across the
two techniques.

Magnetic Resonance Imaging

All MR experiments were performed on a Signa 1.5 T
(General Electric, Milwaukee, WI) scanner using a stan-
dard quadrature head coil and a standard body-gradient
coil capable of a maximum amplitude of 22 milliTesla/
meter (mT/m) and a maximum slew rate of 120 Tesla/
meter/second. Anatomical MR images were acquired as a
series of 124 sagittal sections using a 3D spoiled gradient
echo (SPGR) sequence with the following parameters: ma-
trix 5 128 3 256, slice thickness 5 1.5 mm, TE 5 5 msec,
TR 5 24 msec, and flip angle 5 45°.

Perfusion images were obtained using single-shot 2D
spin-echo SPIRAL approaches (14). Images were obtained
with: matrix 5 96 3 96, FOV 5 24 cm, slice thickness 5
5 mm, TE 5 19 msec, TR 5 4.7 sec. The k-space data were
zero-filled to a 128 3 128 matrix before image reconstruc-
tion. A fat-saturation pulse, consisting of a 16-msec non-
selective sinc pulse followed by gradient spoiler pulses,
was added to the sequence before the 90° excitation pulse.
The length of the SPIRAL waveform was 40 msec. Sym-
metrical gradients (5.4 msec, 22 mT/m) were placed im-
mediately before and after the 180° pulse to “crush” the
signal from arterial water spins (6).

T1 relaxation rates in the absence (R1o) and the presence
(R1(v1,Dv)) of off-resonance RF irradiation were deter-
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mined for each voxel in the SPIRAL image using proce-
dures described previously (6).

Flow-induced adiabatic inversion (2) was used to invert
arterial water spins flowing through the tagging plane,
which was placed 3 cm below the center of the imaging
slice (see Fig. 1). Inversion was accomplished using a
3.5-sec off-resonance RF pulse train in the presence of a z
gradient. The pulse train consisted of rectangular RF
pulses of 75 msec duration separated by 10 msec. The
amplitude of the off-resonance RF field (gB1) was 170 Hz.
This value was chosen because previous studies suggested
that it produced maximum inversion of arterial water
spins at the tagging plane under our conditions (4). The
frequency offset of the irradiating RF field (6 6000 Hz) and
the sign of the z gradient (6 4.8 mT/m) were alternated in
a four-step protocol to minimize the influence of asymmet-
ric magnetization transfer effects and gradient eddy cur-
rents (11). Each perfusion image was calculated using the
data collected in a single four-pulse protocol (see below).
The data collection time for a single four-pulse protocol
was 18.8 sec. Data from ninety-six four pulse cycles were
acquired, giving a total acquisition time of 30 min.

Arterial spin tagging data were acquired using a delayed
acquisition approach (5). In this approach a delay, tdelay,
was inserted between the end of the tagging period and the
beginning of the acquisition of the SPIRAL image. Crusher
gradients were used to reduce the signal from tagged arte-
rial blood, and CBF values (Q) were calculated with a
one-compartment model, using the following equation (7)

DM~tdelay!

Mo
5 2

2aoQ/l

R1o
e2R1otdelay$1 2 c1 2 c2%$c3% [1]

where

c1 5 S1 2
R1o

R1~v1, Dv!De2R1ota, [2]

c2 5
R1o

R1~v1, Dv!
e2@R1o2R1~v1,Dv!#tae2R1~v1,Dv!to, [3]

c3 5 e@R1o2R1a#ta, [4]

and DM(tdelay) is the difference in MR signal amplitude
observed in the presence and absence of arterial tagging,
Mo is the equilibrium value of the MR signal amplitude,
R1a is the relaxation rate of arterial water protons, to is the
length of the off-resonance RF irradiation, ao is the extent
of inversion of arterial water in the tagging plane, l is the
brain/blood partition coefficient and ta is the arterial tran-
sit time, i.e., the time for blood to move from the tagging
plane to the capillary exchange site (6). Equation [1] as-
sumes that tdelay is longer than ta. l was assumed to be
0.90 ml/g (15), R1a was assumed to be 0.8 s–1, ta was
assumed to be 0.95 sec, and ao was assumed to be 0.88 (6).
tdelay 5 1.1 sec and to 5 3.5 sec. The use of a 90° excitation
pulse made it unnecessary to correct for incomplete recov-
ery of longitudinal magnetization during each TR cycle (6).

The voxel size for the 128 3 128 CBF images was
1.9 mm 3 1.9 mm. CBF images were convolved with a 2D
Gaussian kernel having a full-width-at-half-maximum
(FWHM) of 3.8 mm. The FWHM of the point spread func-
tion for the convolved CBF images was approximately
5.5 mm. Initial CBF images were obtained with higher
spatial resolution than the final convolved CBF images for
two reasons: first, to match the 128 3 128 H2

15O PET data
sets; second, to minimize the effects of heterogeneity in
tissue R1o values on the calculated CBF values (see Eq. [1]).

H2
15O PET Imaging

PET data were acquired on a Scanditronix PC2048-15B
head tomograph which simultaneously produced 15 6.5-
mm-thick contiguous slices per scan. Each slice was com-
posed of a 128 3 128 matrix. In-plane and z axis spatial
resolution (FWHM) was 6.0–6.5 mm after reconstruction.
A thermoplastic mask was individually molded to each
subject to immobilize the head, and scans were oriented
parallel to the canthomeatal line. Transmission scans, col-
lected by rotating a gallium-68/germanium-68 pin source
about the head, were used to correct for attenuation of
radiation by skull and brain tissue. Each subject had four
emission scans, which were separated by a 12-min period
to allow for decay of residual radiation. The average stan-
dard deviation of the four sequential measurements was
;7%. A bolus intravenous injection of 40–46 mCi of
H2

15O preceded each emission scan. Emission data for
each scan were acquired for 4 min in 16 frames (12 frames
of 10 sec each, followed by 4 frames of 30 sec each), and
were reconstructed with a Hanning filter using corrections
for attenuation, scatter, random coincidences, and dead
time.

Arterial input functions were measured using auto-
mated arterial blood sampling, with a continuous with-
drawal rate of 3.8 ml/min. Coincident events were counted
at 1-sec intervals by paired sodium iodide detectors, and

FIG. 1. Sagittal image of a human head, showing the approximate
location of the imaging slice (solid lines) and the inversion plane
(dashed line) used for the arterial spin tagging experiments.
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corrected for random coincidences, deadtime, and disper-
sion (16). Time shifts between scanner count rate and
arterial count rate were determined in a manner similar to
that described by Iida et al. (17). The arterial time-activity
curve was used with a pixel-by-pixel least-squares fit for
CBF and partition coefficient to produce quantitative CBF
images (18).

Registration of MR CBF Images and PET CBF Images

Each of the four resting 15-slice H2
15O CBF images for an

individual subject was aligned to the mean of the H2
15O

CBF images using a six parameter (rigid body) registration
algorithm (19). The four registered images were combined
to create a new mean H2

15O PET CBF image for each
subject, which was registered to the high-resolution ana-
tomical MR image of the same subject using a six-param-
eter algorithm (19).

A slice corresponding to the 2D arterial spin tagging CBF
image was outlined on the anatomical MR image, and a 2D
H2

15O PET CBF image of this slice was constructed from
the co-registered 3D H2

15O PET CBF map. Sinc interpola-
tion was used to minimize artifacts in the resliced images.

A five-parameter affine/fixed-determinant model was
used to correct for slight misregistration and spatial dis-
tortion between the 2D arterial spin tagging image and the
2D slice in the high-resolution anatomical MR image. This
model allowed for non-rigid spatial correction if the total
area was preserved (19).

Gray Matter/White Matter Segmentation

Anatomical MR images of the slice were segmented using
a histogram approach, based on image intensity. The total
intensity range was divided into four regions: 0%–10%,
10%–50%, 50%–60%, 60%–100%. Voxels with intensi-
ties in the first and third regions were disregarded, voxels
with intensities in the second region were assigned to gray
matter, and voxels with intensities in the fourth region
were assigned to white matter.

Even if the H2
15O PET CBF images and the arterial spin

tagging CBF images could be registered precisely to the
high-resolution anatomical MRI images, the CBF images
would not be superimposed precisely on the anatomical
MRI images, because of the different spatial resolution.
Imprecise superposition will lead to imprecise segmenta-
tion of gray and white matter regions.

SPIRAL MR images were segmented according to T1

values (6). Voxels with T1 values below 720 msec were
assigned to white matter, voxels with T1 values between
850 msec and 1300 msec were assigned to gray matter, and
other voxels were disregarded.

Segmentation masks were applied to CBF images that
had no further spatial filtering; i.e., the FWHM of the
point-spread function for the H2

15O PET images was ;6.5
mm, while the FWHM of the point-spread function for the
arterial spin tagging images was ;5.5 mm (see above).

Voxel by Voxel Comparison of CBF Images

H2
15O PET CBF images were convolved with a Gaussian

kernel with a FWHM of 5.5 mm, and arterial spin tagging
CBF images were convolved with a Gaussian kernel with a

FWHM of 6.5 mm. The FWHM of the convolved point-
spread functions were thus the same (8.5 mm) for the two
CBF images.

Region of Interest (ROI) Analysis of CBF Images

CBF images were filtered to a FWHM of 8.5 mm (see
above). A cortical strip was drawn by visual inspection of
the anatomical MR image of the slice, and divided (see Fig.
2) into six approximately equal regions (right anterior,
right middle, right posterior, left anterior, left middle, left
posterior). In addition, right and left central white matter
ROIs were also drawn by visual inspection of the anatom-
ical MR image. Finally, a whole slice ROI was drawn using
all of the brain voxels in the slice. The nine ROIs were
used to analyze arterial spin tagging and H2

15O PET CBF
images of the slice.

RESULTS

Comparison of CBF Images

Figure 3 shows quantitative CBF images obtained using
H2

15O PET and arterial spin tagging. Both images were
acquired from the same slice in the same subject (see
Materials and Methods). The two images show similar
areas of elevated flow in gray matter regions, and a voxel-
by-voxel comparison of the data from the images shown in
Fig. 3 shows qualitative agreement across the entire CBF
range (Fig. 4). The two images can be quantitatively com-
pared using two different approaches: a gray matter/white
matter comparison using segmented MR images, and an
ROI comparison.

Gray Matter/White Matter Comparison Using Segmented
MR Images

Segmented anatomical images were used to define gray
matter and white matter masks (see Materials and Meth-
ods), which were then mapped onto the arterial spin tag-
ging and H2

15O PET CBF images. For the arterial spin
tagging blood flow images, the average gray matter/white
matter CBF ratio was 1.6 6 0.2. For the H2

15O PET CBF

FIG. 2. Delineation of the cortical strip region of interest (ROI) and
the white matter ROIs. The cortical strip ROI was subdivided into six
ROIs: right anterior, right middle, right posterior, left anterior, left
middle, and left posterior.
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images, the average gray matter/white matter CBF ratio
was 1.4 6 0.1. While the two ratios were similar, both were
substantially lower than the expected ratio of gray matter/
white matter blood flows (see Appendix A). This observa-
tion suggests that, using the procedures described here,
superposition of the CBF images and the anatomical MR
images was not precise enough to achieve good segmenta-
tion of gray and white matter regions (see Materials and
Methods section), and this approach was not pursued.

ROI Comparison

F tests (ANOVA, P 5 0.05) were performed to investigate
variation in CBF values across the cortical strip ROIs (Fig.
2). No significant variation across the cortical strip ROIs
was found for CBF values determined using arterial spin
tagging approaches (QAST), for CBF values determined us-
ing H2

15O PET approaches (QPET), or for the difference
between CBF values determined using the two ap-
proaches, i.e., QAST-QPET. The CBF data were thus aver-
aged over the cortical strip ROIs. The average value of
QAST for the combined cortical strip ROI was approxi-
mately 15% higher than the average value of QPET for the
combined cortical strip ROI (paired t test, P 5 0.020, N 5
12) (see Table 1).

t tests (P , 0.05) were performed to investigate variation
in CBF values between the right and left white matter
ROIs. No significant right/left differences were found for
QAST, QPET or QAST-QPET. The CBF data were thus aver-
aged over the right and left white matter ROIs. For the
combined white matter ROI there was a trend (paired t test,
P 5 0.047) for QAST to underestimate QPET by ;17% (see
Table 1).

For the whole slice ROI there was a trend (paired t test,
P 5 0.051) for QAST to overestimate QPET by ;11% (see
Table 1).

Table 1 also shows average values of FPET, the corrected
H2

15O CBF value (see Discussion). For the combined white
matter ROI, the average value of QAST was approximately
30% lower than the average value of FPET (paired t test, P
5 0.0007).

DISCUSSION

Steady-state arterial spin tagging approaches can provide
quantitative images of CBF (1,3–6), but have not been
validated in humans. The major aim of the work presented
here was to compare CBF values measured in humans
using steady-state arterial spin tagging experiments (QAST)
with CBF values measured in the same group of human
subjects using H2

15O PET (QPET).
Table 1 shows that QAST values are approximately 15%

larger than QPET values for the cortical strip ROI. The
underlying reason for this discrepancy is not clear. Uncer-
tainties in the exact value of the transit time, ta, could
cause errors in QAST, but the delayed-acquisition approach
used for these studies should substantially reduce the

FIG. 3. Left: anatomical MR image of a 2D slice.
Middle: quantitative CBF image of the slice ob-
tained using H2

15O PET approaches. Right: quan-
titative CBF image of the same slice (in the same
subject) obtained using steady-state arterial spin
tagging approaches. The scale is in cc/100g/min.
Data from subject #6.

FIG. 4. Voxel-by-voxel comparison of the arterial spin tagging CBF
image and the H2

15O PET CBF image of the same slice in the same
subject (see Fig. 3). Data is taken from subject #6 (see Fig. 3). The
images shown in Fig. 3 were convolved to bring the FWHM of the
point spread function for each image to 8.5 mm (see Materials and
Methods). Linear least squares analysis of the data gave a correla-
tion coefficient (R) of 0.85. The solid line is the line of identity.

Table 1
ROI Analysis of Cerebral Blood Flow Values

Cortical strip
(cc/100 g/

min)

White matter
(cc/100 g/

min)

Whole slice
(cc/100 g/min)

^QAST& 64 6 12 23 6 8 55 6 10
^QPET& 56 6 11* 27 6 3 49 6 8
^FPET& 67 6 13 33 6 4* 59 6 10

^QAST& is the average cerebral blood flow value determined by
arterial spin tagging approaches for the designated ROI. ^QPET& is
the average apparent cerebral blood flow value determined by
H2

15O PET approaches for the designated ROI. ^FPET& is the average
corrected cerebral blood flow determined by H2

15O PET approaches
using Eq. [5].
*Denotes a statistically significant difference compared to QAST

(paired t test, N 5 12, P # 0.02).
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magnitude of these errors for gray matter regions (5). Also,
eddy-currents or asymmetric magnetization transfer ef-
fects could cause errors in QAST, but the four pulse proto-
col employed in these studies should minimize these er-
rors (11).

Another explanation for the overestimation of QAST

compared to QPET could be a systematic underestimation
of CBF by the H2

15O PET approach, due to limitations in
the exchange rate of water across the blood-brain barrier. A
number of studies suggest that CBF values determined
using H2

15O PET approaches are given by the following
equation

QPET 5 EF, [5]

where E is the extraction fraction of water, and F is the true
CBF (20–23). Herscovitch et al. (22) demonstrated that E
was reasonably uniform over the human brain (i.e., over
white and gray matter), with an average value of 0.84 6
0.07 under normocapnic conditions. Using this value of E
in Eq. [5], corrected CBF values can be estimated from the
observed values of QPET. Table 1 shows that CBF values
determined for the cortical strip ROI using arterial spin
tagging (QAST) agree very well with corrected CBF values
determined using H2

15O PET and Eq. [5] (FPET).
The H2

15O PET approach has other systematic errors
apart from an underestimation of CBF due to the reduced
extraction fraction (see Appendix B). However, the net
effect of these other systematic errors should be relatively
small, and should not alter the conclusions based on the
results shown in Table 1 (see Appendix B).

Limitations in the exchange rate of water across the
blood-brain barrier could also cause an underestimation of
CBF values determined by arterial spin tagging approaches
if tagged water in the vascular bed were crushed (24).
However, given the slow velocities of water in the capil-
lary bed, i.e., ;1 mm/sec (25), it is unlikely that the signal
from tagged water in the capillary bed is crushed under the
conditions used for our experiments, i.e., b ; 7 s/mm2

(26). If tagged water in the capillary bed is not crushed, a
distributed model that includes the capillary bed suggests
that CBF values determined using arterial spin tagging
approaches are a good approximation to the corrected
CBF, F (27).

Table 1 also shows that QAST values for the white matter
ROI are ;30% lower than FPET values determined using
Eq. [5]. One explanation for the underestimation of white
matter CBF values is related to the different arterial transit
times (the time for tagged water to travel from the tagging
plane to the capillary exchange site in the slice) for white
matter and gray matter. Recent results suggest that white
matter regions have longer arterial transit times than gray
matter regions (28). The estimate for the transit time used
in the present analysis (0.95 sec) was determined for gray
matter regions (6), and could thus underestimate the arte-
rial transit time for white matter regions. This underesti-
mate in arterial transit time for white matter could produce
a substantial underestimate in QAST. For example, if the
white matter arterial transit time was double the observed
gray matter arterial transit time, QAST for the white matter
region would be underestimated by ;35%, which is con-
sistent with the results shown in Table 1.

The study presented here illustrates some of the diffi-
culties in comparing quantitative CBF images obtained
using arterial spin tagging approaches with quantitative
CBF images obtained using H2

15O PET approaches. One
difficulty is superimposing the two CBF images. In the
present study the 3D H2

15O PET CBF image was registered
with a high-resolution 3D anatomical MR image. While
this approach worked well enough to provide reasonable
voxel-by-voxel correlation plots (see Fig. 4), it was not
sufficiently precise to allow utilization of MR segmenta-
tion routines with the CBF images (see Appendix A). This
limitation precluded a direct comparison of gray matter
blood flows obtained using arterial spin tagging and H2

15O
PET approaches. Instead, we compared CBF values in a
cortical strip ROI.

The results presented in Table 1 raise possible questions
concerning gray matter blood flow values determined by
arterial spin tagging approaches. CBF values determined
by arterial spin tagging approaches agree with corrected
CBF values determined by H2

15O PET approaches for the
cortical strip ROI (which contains contributions from gray
and white matter), but underestimate corrected CBF values
determined by H2

15O PET approaches for the white matter
ROI. These observations bring up the possibility that arte-
rial spin tagging approaches could overestimate gray mat-
ter CBF values. An analysis of the data shown in Table 1
suggests that this overestimation could be approximately
4% (see Appendix C).

Another difficulty in comparing arterial spin tagging and
H2

15O PET approaches arises from the fact that, although
both studies could be performed on the same subject, they
could not be performed at the same time. This limitation
introduced extra variance into the calculated CBF values
due to inter-exam temporal variation. Previous studies
suggest that the inter-exam variance in gray matter CBF
values determined by arterial spin tagging is ;9% in ex-
perienced MR subjects (F. Ye et al., unpublished observa-
tions).

In summary, for a cortical strip ROI, steady-state arterial
spin tagging approaches give CBF values that are not sta-
tistically different from corrected CBF values calculated
using H2

15O PET approaches. However, for a white matter
ROI, arterial spin tagging approaches substantially under-
estimate corrected CBF values determined by H2

15O PET
approaches.

ACKNOWLEDGMENTS

We are grateful to Keith St. Lawrence and Peter Hersco-
vitch for helpful discussions, and to Carlo Salustri for
assistance with the pulse programming.

APPENDIX A

Segmentation Analysis of CBF Values

In the present study the segmentation analysis was per-
formed on anatomical images obtained using a 128 3 256
SPGR sequence, while the arterial spin tagging blood flow
image was obtained using a 96 3 96 SPIRAL sequence (see
Materials and Methods). The data were analyzed in this
manner so that a common segmentation map could be
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used for arterial spin tagging and H2
15O PET CBF images.

However, the different spatial resolution of the segmenta-
tion and CBF maps could affect the superposition of the
two images, and reduce the observed gray matter/white
matter blood flow ratio.

The effects of imprecise superposition can be investi-
gated using T1 images obtained with SPIRAL techniques to
segment the arterial spin tagging CBF images (also ob-
tained with SPIRAL techniques). Using this approach, the
average gray matter/white matter blood flow ratio was
;2.9 (see Table 2). This value was substantially larger than
the value obtained using anatomical images to segment
arterial spin tagging blood flow images (;1.6, see Table 2).

The gray matter/white matter blood flow ratio obtained
using segmentation maps derived from SPIRAL images
cannot be considered an absolute measure of the average
gray matter/white matter blood flow ratio, for two reasons.
First, the present work suggests that arterial spin tagging
approaches underestimate white matter blood flow by
;30% (see Discussion). Second, the finite spatial resolu-
tion will create intrinsic partial volume effects, which will
cause an underestimate in the gray matter/white matter
blood flow ratio.

APPENDIX B

Experimental Errors in H2
15O PET Measurements of CBF

Although H2
15O PET approaches have been used as a

“gold standard” in the validation studies presented here,
they themselves have a number of sources of error. Steady-
state (29), autoradiographic (21) and dynamic (18,30) ver-
sions of the H2

15O PET experiment have somewhat differ-
ent errors (18,31–34). This section outlines the major sys-
tematic and random errors in CBF values estimated using
the dynamic H2

15O PET approach employed in this study
(18).

The three major systematic errors are due to heterogene-
ity in brain composition, heterogeneity in tracer arrival
time in the brain, and arterial blood contributions. Koeppe
et al. [18,32] estimated that heterogeneity in brain compo-
sition could produce an underestimation of CBF by ;4%
(18), while arterial blood contributions could produce an

overestimation of CBF by ;7% (32). These two errors tend
to counterbalance each other, and it is reasonable to as-
sume that the net systematic error due to these two effects
is less than 6 5%. Koeppe et al. [18] also estimated that
heterogeneity in tracer arrival time could produce an error
in CBF of approximately 6 5% (32).

The precision of CBF values calculated by dynamic
H2

15O PET approaches can be estimated from the random
variation observed in sequential measurements. In the
studies reported here, the average standard deviation in a
series of four CBF measurements (during the same exam)
was ;7% (see Materials and Methods). Using this infor-
mation, the random deviation of the H2

15O PET CBF val-
ues used in the present work (i.e., the average of the four
sequential measurements) is estimated to be ;3.5%.

Assuming the systematic and random errors given
above, the expected error in average CBF values calculated
using H2

15O PET was estimated to be less than 6 7%. This
is substantially smaller than the difference between ^QPET&
and ^QAST& observed for the cortical strip ROI, or the
difference between ^FPET& and ^QAST& observed for the
white matter ROI, in Table 1. This analysis suggests that
conclusions based on the differences observed in Table 1
(see Discussion) are not affected by the major errors in the
H2

15O PET measurements.

APPENDIX C

Analysis of Errors in Gray Matter CBF Values

Qw and Qg are defined as the white and gray matter CBF
values. Qw

obx and Qg
obs are defined as the white and gray

matter CBF values observed using arterial spin tagging
approaches. ,Q. is defined as the average CBF value for
the cortical strip ROI, and ,Q.obs is defined as the ob-
served average CBF value for the cortical strip ROI. With
these definitions

^Q&obs 5 fgQg
obs 1 fwQw

obs [A1]

^Q& 5 fgQg 1 fwQw, [A2]

where fg and fw are the gray matter and white matter
fractions in the cortical strip ROI. Equations [A1] and [A2]
can be rearranged to give

Qg
obs

Qg
5

^Q&obs

^Q&
1

fw

fg
S ^Q&obs

^Q&
2

Qw
obs

Qw
D Qw

Qg
. [A3]

Equation [A3] can be used to estimate the fractional
error in gray matter CBF values calculated by arterial spin
tagging approaches. ,Q.obs is assumed to be equal to
,Q.AST for the cortical strip ROI, ,Q. is assumed to be
equal to ,F.PET for the cortical strip ROI, Qw

obs is assumed
to be equal to ,Q.AST for the white matter ROI, and Qw is
assumed to be equal to ,F.PET for the white matter ROI.
Using the values given in Table 1, Eq. [A3] becomes

Qg
obs

Qg
5 0.95 1 0.25

fw

fg

Qw

Qg
[A4]

Table 2
Segmentation Analysis of Cerebral Blood Flow Values

“SPIRAL”
segmentation

“Anatomical”
segmentation

^QAST
grey& 70 6 11 cc/100 g/min 68 6 12 cc/100 g/min

^QAST
white& 25 6 8 cc/100 g/min 43 6 8 cc/100 g/min

^QAST
grey/QAST

white& 2.9 6 0.5 1.6 6 0.2
^QPET

grey& 58 6 10 cc/100 g/min
^QPET

white& 42 6 6 cc/100 g/min
^QPET

grey/QPET
white& 1.4 6 0.1

^QAST
grey& and ^QAST

white& are average grey matter and white matter blood
flow values, respectively, measured using arterial spin tagging ap-
proaches. ^QPET

grey& and ^QPET
white& are average grey matter and white

matter blood flows, respectively, measured using H2
15O PET ap-

proaches. “SPIRAL” segmentation used T1 images acquired with
SPIRAL MR techniques, while “Anatomical” segmentation used T1

images acquired using standard anatomical MR techniques (see
Materials and Methods).
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If a value of fw/fg is assumed, then a value of Qw/Qg that is
consistent with the data shown in Table 1 can be calcu-
lated using Eq. [A2]. For example, if fw/fg is assumed to be
1, Qw/Qg is calculated to be 0.33.

Using these values of fg/fw and Qw/Qg, Qg/Qg
obs is esti-

mated to be 1.04. This calculation suggests that the arterial
spin tagging approach could overestimate gray matter CBF
values by approximately 4%.
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